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vv Scanning Device 



TECHNICAL FIELD 

[00011 The present invention relates generally to the field of torsional hinge MEMS 

— «^-«^«- — -^ te -**•"* ,,-, • 
variations in the resonant frequeney and/or sean veiocity of theheam scan caused hy 



envu 



L ronmental factors such as temperature. 



BACKGROUND 

[000Z] Thcuseofrotatingpolygonscanningnurrorsinlaserprinterstoprovideabeam 
^atingdrum, is well-known. In addition, there have alsoheen efforts to useamuch.ess 
pr0 vide the scanningheam.EarUerefforts to nse the inexpensive flat mirror requtred a 

„e*p is typicallymountedataslight angle to compensate for the movement of the 
^sensitive medinm.lt wifihe appreciated that the photosensitive medium typically moves a, 
aright angle with respect to the heam sweep (such as a rotating dmm). Unfortunately, if the 
^.moun.e.atasUghtang.etocompensa.formedinmmovementdufingtheforward 

^sweep.theremnth^sweep.wil.traverseau.jeaoryo.memovingpho— 
^mwmchwillheatan^ewhichisunacceptah.ew.ththefirstprintedimagefinesincethe 
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effect of the moving medium and the angle mounting of the mirror will now be additive rather 
than subtract. Thus, when such a single reflecting surface resonant mirror was used with 
th ese early flat mirror scanners, it was necessary to interrupt the modulation of the reflected light 
beam and wait for the mirror to complete the return sweep or cycle and then again start scanning 
in the original direction. This requirement of only using one of the sweep directions of the 
mirror of course reduces the print speed and requires synchronization between the mirror and the 
rotating drum. 

[0003] More recently, the use of a single flat mirror with two pairs of torsional hinges 
arranged orthogonally to each other or two single hinged mirrors have allowed bi-directional 
sweeps by controlling the vertical position of the mirror during the horizontal scan or sweep. For 
example, the assignee of the present invention has recently developed a printer scanning engine 
.hat uses a dua. axis mirror with a single reflection surface described in U.S. Patent Application 
Serial No. 10/384,861 fded March 10, 2003, and entided "User Print Apparatus Using a 
Pivoting Scanning Mirror." This dual axis mirror uses a first set of torsional hinges for 
providing oscillating beam sweep such as a resonant beam sweep and a second set of torsional 
hinges that selectively moves the oscillating beam sweep in a direction orthogonal to the 
oscillating or resonant beam sweep. By dynamically controlling the orthogonal position of the 
beam sweep to compensate for movement of the photosensitive medium, both directions of the 
resonant beam sweep may be used to print parallel image lines. Alternately, two single axis 
mirrors can be arranged such that one mirror provides the resonant beam sweep and the other 
mirror controls the orthogonal position of the beam sweep to allow both directions of the 
resonant beam sweep to be used for printing. 
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[0004] It will also be appreciated by those skilled in the art that in addition to laser printing, 
control of the orthogonal (vertical) position of the oscillating or resonant scan by a first single 
axis mrrror allows a second single snrface or flat oscillating mirror to be nsed to provide a full 
frame of raster scans suitable for use on projection displays including micro projection displays 
such as cell phones. Personal Digital Assistants (PDA's), notebook computers and heads-up 
displays. However, if such displays are to be commerciafly acceptable, they must be small, low 
cos, robust enough to withstand greater than 1000 G>. of shock, and stable over the operating 
temperature normally experienced by hand-held products. 

[0005] Consequently, it will be appreciated that the high frequency scanning mirror is a key 
component to the success of such products. Further, since many of the applications for such 
mirror projection drsplays are battery powered, al, of the components (including the scanning 
mirror) must be energy efficient. 

[0006] Texas Instruments presently manufactures mirror MEMS devices fabricated out of a 
single piece of material (such as silicon, for example) typically having a thickness of about 100 - 
, » microns using semiconductor manufacturing processes. The layout of a dual axis mirror 
consists of a mirror having dimensions on the order of a few millimeters supported on a gimbals 
frame by two silicon torsional hinges. The gimbals frame is supported by another set of torsional 
hinges, which extend from the gimbals frame to a support frame or alternately the hinges may 
extend from the gimbals frame to a pair of hinge anchors. This Texas Instruments manufactured 
mirror with two orthogonal axes is particularly suitable for use with laser printers and/or 
projection displays. The reflective surface of the mirror may have any suitable perimeter shape 
such as oval, rectangular, square or other. 
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[0007] Similar single axis mirror devices may be fabricated by eliminating the support 
frame altogether and extending the single pair of torsional hinges of the mirror directly to the 
support frame or a pair of support anchors. The use of two single axis mirrors may be used 
instead of one dual axis mirror to generate the beam scan and any necessary orthogonal beam 
movement. Other suitable designs of single axis mirrors may also be used. 
[0008] U.S. Patent Application Serial No. 10/384,861 describes several techniques for 
creating the pivotal resonance of the mirror device about the torsional hinges. Thus, by 
designing the mirror hinges to resonate a, a selected frequency, a scanning engine can be 
produced that provides a scanning beam sweep with only the small amount of energy required to 
maintain resonance. 

[0009] As will be appreciated by one skilled in the art, the resonant frequency of a pivotally 
oscillating device about torsional hinges will vary as a function of the stress loading along the 
axis of the hinges. These stresses build up as a result of residual stress on the hmge from the 
assembly process as well as changes in the environmental conditions, snch as for example, 
changes in the temperature of the packaged device. For example, the Young's modulus of 
siheon varies over temperature such that for a MEMS type pivotally oscillating device made of 
siheon, clamping the device in a package such that it is restrained in the hinge direction will 
cause stress in the hinges as the temperature changes. This in turn will lead to drift in the 
resonant frequency of the pivotal oscillations. 

[0010] Since applications that use a pattern of light beam scans, such as laser printing and 
projection imaging require a stable and precise drive to provide the signal frequency and scan 
velocity, the changes in the resonant frequency and scan velocity of a pivotally oscillating device 
due to temperature variations can restrict or even preclude the use of the device in laser printers 
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and scan displays. Further, if the stress loading is increased above the maximum acceptable 
levels for a given rotational angle, the reliability and operational life of the device can be 
unacceptably reduced. For example, excessive compressive stress loading that can occur at low 
temperature on devices with a CTE (coefficient of thermal expansion) mismatch can lead to 
buckling of the hinge along with dramatic shift of the resonant frequency or even catastrophic 
failure. 
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SUMMARY OF THE INVENTION 

[00111 The issues and problems diseussed above are addressed by the present invention by 
providing methods and apparatus that comprise a pivotally oscillating structure including 
apparatus for adjusting the frequency of the pivotal oscillations. The oscillating structure is a 
MEMS device comprising a functional surface, such as for example, a reflecting surface or 
mirror, supported by a pair of torsional hinges. The pair of torsional hinges enables the 
functional surface or mirror to pivotally oscillate, and each hinge extends from the functional 
surface to an anchor member. The anchor member may comprise a single support frame or a 
pair of support pads and is mounted to the support structure. The oscillating structure also 
includes apparatus mounted to the support structure, the MEMS device or in the packaging for 
changing the stress on the pair of torsional hinges supporting the functional surface. As an 
example, a piezoelectric device mounted to the support structure can contract or expand in 
response to an electrical control signal. This selected movement of the piezoelectric device can 
be used to relieve or counteract tensional or compression^ stress in the torsional hinge or 
alternately, the piezoelectric device can create additional torsional or compressive forces in a 
torsional hinge. The electrical control signals may be generated by a sensor that monitors a 
parameter of the pivotally oscillating mirror such as the resonant frequency or the scan velocity 
and then provides a feedback signal to the control circuit that uses the feedback signal to 
generate an appropriate signal to either provide compression forces to the hinges if the resonant 
frequency is too fas, or tension forces if the resonant frequency is too low. Various types of 
monitors or sensors may be employed to provide the feedback signals, bu, a piezoelectric or 
piezoresistive element has been found to be suitable. 
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[00X2] Tta foregoing has oufiined rate broadly the features and technical advantages of 
the present — in order that the detaiied description of the invention that follows may be 
better understood. Additional features and advantages of the invention will be described 
hereinafter which form the subject of the claims of the invention. It should be appreciated by 
those sailed in .hear, that the conception and specific embodiment disclosed may be readily 
u «ih z edasabasis for modifyingor designing other structures or processes for carrying out the 
sam e P urposesofthe present invention. It should also he realizedby those skilled inthe art that 
bivalent constructions do no, depart from the spirit and scope of the invention as set forth 
in the appended claims. 



TI-36001 



-7- 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] Fo t a m oreco m p 1 eteundersta I1 din g o ft heprese„ t inven.io n ,a„ d thea d va„ta g es 
accompanying drawing, in which: 

[0014] FIG. 1 iuustratesanexamp.eofasing.eaxisresonan.funcuona.surface.suchasa 

mirror surface, having a support frame for generating a beam sweep; 

[0015] FIG. 1 A is a cross-sectional view taken along line AA of FIG . 1; 

[0016] FIG. 2A is still another embodiment of a single axis torsional hinged surfaee or 



mirror; 



[0017] FIG. 2B is an illustration of another embodiment of a single axis elongated ellipse- 
invention; 

[0,18, nG.ZCisatopviewofanalternateembodimen.ofasingleaxistorsionalhinged 

m9] FIG. 3 illustrates the use of a torsiona.lv hinged mirror device as a scanning engine; 
[0020] FIGS. 4A, 4B and 4C illustrate various embodiments of dual-axis mirror devices; 
[0021] FIGs.5Aand5B,6Aa„d6B,and7Aand7Bil,ustra,edifferentarrangemen,sfor 
using inertially coupled electrostatic drive circuitry to generate resonant scanning or pivoting 
about the torsional axis of a single axis mirror; 

[0022] HO. 8 illustrates the electrical connection between the electrostatic plates and the 
mirror assemblies of FIGs. 5A and 5B, 6A and 6B, and 7A and 7B; 
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[0023] FIGS. 9A and 9B, 10A and 10B, and HAand , ,B illustrate different arrangements 
for nsing a piezoelectric drive circnit to generate the inertiaUy conpled resonant scanning or 
pivoting about the torsional axis of a mirror; 

[0024] FIG. 12 illustrates the electrical connection between the piezoelectric drive material 
and the mirror assemblies of FIGs. 9A and 9B, 10A and 10B, and 11A and 11B; 
[0025] FIGs. 13A and 13B illustrate the use of a resonant mirror as a printer scan engine 
without orthogonal positioning; 

[0026] FIGs. 14A, 14B and 14C illustrate the use of a resonant mirror as a printer scan 
engine with orthogonal positioning. The orthogonal positioning maybe provided byadualaxis 
resonant mirror or two single axis mirrors; 

[0027] FIG. 15 illustrates one embodiment of the present invenrion incorporating two light 
sensors as used with a projection display system; 

[0028] FIG. ISA shows an embodiment of the present invention incorporating a single light 
sensor suitable for use with a laser printer; 

[0029] FIGs. IbAand 16B illustrate the use of a piezoelectric element and a piezoresistive 
element, respectively, as sensors for determining scan velocity or resonant frequency to produce 
a feedback signal according to the teachings of the present invention; 

[0030] FIG. 17 illustrates the use of one or more light intensity sensors that varies with the 
scanning body position for determining scan velocity or resonant frequency to produce a 
feedback signal according to the teachings of the present invention; 
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ml] FIGS. 18and ,8A illustrate the use of a piezoelectric element mounted to a support 
„ for adjusting the stress loading on the torsional hinges of different types of resonant 
scanning mirrors; and 

[0032] HG. 19 illustrates the use of at least one piezoelectric element mounted to the mirror 
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

[0033] The making and using of the present!, preferred embodiments are discussed in detail 
below. I, should he appreciated, however, that the present invention provides many applicable 
inventive concepts that can he embodied in a wide variety of specific contexts. The specific 
embodiments discussed are merely illustrative of specrfic ways to make and use the invention, 
and do not limit the scope of the invention. 

[0034] Like reference numbers in the figures are used herein to designate like elements 
throughout the various views of the present invention. The figures are not intended to be drawn 
to scale and in some instances, for illustrative purposes, the drawings may intentionally not be to 
scale. One of ordinary skill in the art will appreciate the many possible applications and 
variations of the present invention based on the following examples of possible embodiments of 
the present invention. The present invention relates to a torsional hinged structure or apparatus 
withamoveahlefmtctional surface, such as a reflecting surface, and is particularly suitable for 
use to provide the repetitive modu.ated scans of a laser printer or the raster scan of a projection 
display device. The mirror apparatus of this invention includes a single axis resonant mirror 
according to one embodiment. A second embodiment uses a single two-axis resonant mirror for 
providing spaced and parallel scan lines. The first axis provides the resonant pivoting, and the 
second axis allows continuous adjusting of the "vertical" movement ofthe beam with respect to 

the raster scan movement. 

[0035] Referring now to FIG. 1, there is shown a top view of an apparatus having a single 
pair of torsional hinges for pivoting around a firs, axis 30. As shown, the apparatus of FIG. 1 
includes a support member 32 suitable for mounting to a support structure 34 as shown in FIG. 
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,A. FIG. lAisasimplified cross-sectional view taken along line lA-lAofFIG. 1. Although 
the apparatus and methods of mis invention are suitable for adjusting the resonant pivoting 
frequency of any torsional hinged functional surface 36, this invention is ideally suited for use 
with a device wherein the functional surface 36 is a reflective surface or mirror portion attached 
to support member 32 by a pair of torsional hinges 38A and 38B. The tors.onal hinged mirror 
having a resonant frequency is suitable for use as the scanning engine of a laser printer or image 
display. Consequently, the following discussion will be with respect to a pivotally oscillating 
mirror, but it is not intended to be limited to such use unless so limited by the claims. 
[0036] Therefore, as will be discussed in more detail hereinafter, the functional surface or 
reflective surface portion 36 may be made to pivot or oscillate about axis 30 in response to 
various types of drive circuits. For example, the functional surface, such as a mirror, may be 
driven to resonance for providing a repetitive beam sweep by electrostatic or piezoelectric drive 
circuits. Although particularly suited for providing a slower speed with greater precision, 
electromagnetic drive circuitry may also be used. When a mirror apparatus is driven by an 
electromagnetic circuit, small magnets are typically included as indicated by dashed line areas 
40A and 40B located on tabs 42A and 42B of FIG. 2A. The magnets are mounted on the tabs 
42A and 42B to avoid degrading the reflective surface 36. 

[0037] Although the apparatus of FIG. 1 includes a support member or frame 32, functional 
surface 36 may be manufactured by eliminating the support member 32 and extending the 
torsional hinges 38A and 38B from the functional surface or mirror 36 to a pair of hinge anchors 
44A and 44B as shown in FIG. 2C. The hinge anchors are then attached or bonded to the 
support structure 34 as shown in FIG. 1 A. FIG. 2C also illustrates that the mirror or reflective 
surface portion 36 may have any suitable shape or perimeter such as the hexagon shape indicated 
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by do,ted,i„e46. O th e r reshapes m ay ta c 1 u d eova 1 ,s q ua re o t cc,a g o„a 1 . Pore* 
FIG 2B illustrates a mirror found to be suitable for use in providing a resonant beam sweep. As 

about 5.5 millimeters and a short dimension of about 1.2 millimeters. 

[00381 Assbow„inFIG.3,.bereisaperspeetivemustra t io„o f anembodime„tofa 

^ h ml«^ B . a c. fc ^«^«» aac,,, - B, •' 
^^^^-*---«'--••-•' , - , - l ■ ,,,k4A •• ,,4 

to the scanning motion. 

[00391 B «« te mM^-ii^-^-* 4 - , - r,,,l,,,M- " 
— --«»••-**■•* , '- ,,, " ,,,-,tA, 

show „,there is a nurror apparatus 4S sucb as dtsenssed above w W ct to F,G, through 

- mhP r 17 suoDorting a mirror or reflective surface 36 by the 
FIG 2C that includes a support member 32 supporting 

po^nSbcanbe maintained m a resonant state b y a drive source, tbe mirror caa be used to 
scanuing beams for forming an image on the photoresist medium. 

[00 40, m „s,.hes yS temof.heemhodimen,ofF.G.3usesthesingleaxismirrorapparatus 
48 ,oprovide.herigh,to,eft,lef. to right resonant sweep as represented by dotted hues 52A, 
52 B 52N-land52N. The up and down control of the beam trajectory, if necessary, can be 
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intercepted Ugh, to the mirror apparatus 48 which is providing the resonant sweep motton. 
Doubl e-h^a n ow58,an ateh e d Unes54aana 5 4hsho W ninHG.3iU U s tt a teh ow second 

^^^ to ^»-**-^--- , - , -- 36- ■ ,, " ,W,,-,,48 
duri „ g the,ef, to right and right to left beam sweep so as to provide parallel lines 52A, 52B 
tteough52 N,and 52 No„apro i cc,io„disp 1 a y scree„orarnovin gm ediurn 5 O.Oou bl eWed 

sweep, such that the second mirror 36A(oradual axis mirror) may not he necessary. 
[00411 Ref erri„ g nowtoFIG,5Aand5B,6 A a„d6Band7 A and7B,thereareshow„top 
vi ewsa„dside views, respeehveiy, of technics for drivi„ g a sin g le axis torsional hinge mrrror, 
similar to mirror 36 of FIG. 1, into resonance. As shown, accordin g to these embodiments, the 
^apparatus 66 includes a support frame 68 having two lon g sides 70A and 70B and two 
shot, sides72Aand72B. The two lon g sides 70Aand70B are mounted or bonded toasupport 
structure7 4bya„adhesiveorepoxybymeansofsta„d.o f fs76Aand76B. Also as shown in the 
side view of FIG. 5B, support structure 74 defines a cavity 78. A mirror or reflective surface 
portion 80 is attached to the two short sides 72A and 7 2B by a pair of torsional hin g es 82 A and 
82B such that the mirror or reflective surface portion 80 is located above the cavity 78. As is 
cl earlyshown,,heperimeterofcavity78is,ar g erthan,heperimeterofrefiectivesurfaceor 

^or portion 80 such that the mirror can freelyrotate around torsional hin g es 82A and 82B 
without hitting the bottom of cavity 78. 
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[00 42] Asmentionedabove.e.ectromagne.iodnveshavebeensuccesstuUyusedtoro.ate 

resonantbeamsweep in response* varying signals provided by computatioaa! «. 
Furth ennore, such electromagnetic drives retire themoundng of electromagnetic cods below 
the mirror thereby adding cost and taking up space. 

[0043] Therefore, according to one embodiment of the present invention, mirror 80 is 
caused to resonantabout.be axis 84 by electrostatic forces. Therefore, referring again to the 
embodiment ofFIG. 5Aand5B, there is included a pair of electrostatic drive pla.es 86A and 
86B located below the short sides 72A and 72B of support frame 68. Also as showninthes.de 
view of FIG. 5B, stand-off mounting members 76A and 76B are selected such that a gap 88A 
^ 8SBexistsbc.ween.hebo..omsurfaceofshort sides 72Aand72B and the.op surface of 

s ta„d-off mounting76Aand76Bsucbtha« gaps 88A and 88B a,e between about 0.2 pm and 

support structure 68 and the electrostaUc plates 86A and 86B. 

[0044] Asanexample,andassuming.hemirrorisdesigned.ohavearesonan.fre q uency 
about its torsional hinges that is no less than about 40 KHz when used as the scanning mirror 
display device, and between about 1 KHz and 4 KHz when used as the scanning mirrorfora 

begin to oscillate a. substantially the frequency of the applied voltage. The actual resonant 
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^cyofa^canbedete^nedby— „g the voltage !eve, cons^t and varying 
.hefrequency of the applied voltage. Agency at which the nnrror nation , n.a.tau.n, wdl 

hinges 82A and 82B. The resonant frequency of the mirror varies not only according 

hinges 82A and 82B. It should be noted that in the embodiment of FIG. 5 A, it is not necessary 
thattil e torsion, hinges 82A and 82B be attached to the midpoint of s.des of mirror portion 80. 
That is, the axis 84 lying through the torsional hinges 82A and 82B does notdivide the mirror 
portion 80 into two equal parts. For example, the "bottom" portion of the illustration of mirror 
80 maybe larger than the "top" portion. It will be appreciated, ofcourse, that useofthe terms 
bottom" portion and "top" portton ts for convenience in desenbing the device andhas nothing 
todo with the ^positioning of the device. Although attaching the hinges "off center" may 

resonance of the mirror may be achieved almost as quickly if the mirror is no, off center. 
Furthermore, stresses maywell be reduced and the required energy to maintain resonance may 
be somewhat less with a balanced arrangement. 

m5] Refe rrin g nowtoFIGS.6Aand6B,thereisatopviewandasideview,respecrive,y, 
of an alternate embodiment for msonating reflective portion 80 of the mirror apparatus 66. The 

FIGS 5A and 5B discussed above. However, rather than mounting the support frame 

support st r ucture74atthecenterpointofbo.h long side 70A and 70B, one of the two short ends 
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such as, for example, short end 72A is mounten to support stmctme 74 by a sing>e large stand- 
ofl76 C. Asingleelectrostatic plate 86B is then .ocated at a very small spaced distance helow 
the Cher short end 72B in the same manner as discussed above with respect toFIGS.5Aand5B. 

An alternating voltage source is then connected between the mirror support frame 68 andtbe 
electrostatic plate in the same manner as discussed above. The mirror support frame 68 wrU 

again vibrate in response to the on/off electrostatic attraction and the energy in turn rs inertrally 

coupled to the reflective portion 80 which begins oscillating about torsional hinges 82A and 82B 

in the same manner as discussed above. 

10046] Still another embodiment is illustrated in top and side views FIG. 7A and FIG. 7B 
respectively. According to this embodiment, rorsional hinges 82A and 82B do not extend from 
the reflective surface portion 80 toasupport frame, but instead extend to enlarged anchor 
m embers 90Aand90B. End portions 92A and 92B of the anchors 90Aand90B are located or 
mounted to the support structure 74 by stand-offs 76D and 76E such , bat the opposite end 
portions 94Aand94B of each anchor are suspended or spaeed above electrostatic plates 96A and 
96 Bbyasmall gap. Thus, in the same manner as discussed above, an alternating voltage having 

conneetedbetween the suppon anchors 90A and 90B and the electrostatic plates 96Aand96Bto 
cause the mirror 80 to resonant and oscillate around the torsional hinges. 
[0047] F IG.8i S applicabletoFIG,5Aand 5 B,6Aand6Band7Aand7Bandillnstrates 
th ee,eetricalconnec.ions9 8 Aand98B for applying an alternating voltage between me mirror 
structure and the electrostatic plates. 

PHM8] FIG, 9A and 9B, FIG, 10A and 10B, and FIGs. 11 A and UB illustrate resonant 
nurrora.an^ mounted to the support structure in the same manner as discussed above 
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with respect to FIGs. 5 A and 5B, FIGs. 6A and 6B and FIGs. 7 A and 7B respectively. However, 
rather than using electrostatic plates and electrostatic forces to generate resonant motion of the 

,00A, 100B, !00C and/or 100D honded to the support frame 68 and/or anchors 90A and 90B. 
Thepiezoelectric material 100A-100D is sliced such thatitbends or curves whenavoltage is 
applied across the length of the strip or slice of material. As will be understood by those skilled 

voltage will causeastripofthe material tobend and curve at the same frequency as the apphed 
voltage. Therefore, since the material is hondedto.be support frame 68 or support anchors, 90A 
and/or 90B, the application of an alternating voltage having a frequency substantially equal to 
th e resonance frequency of the mirror, wiU cause the vibration motion to be inertiaHy coupled to 

above. 

[,049] HG. 12 illustrates the electrica, connections for providing an alternating voltage to 
,hc mirror structure and the two ends of piezoelectric materials. 

[0050] Therefore, it will be appreciated that the structure discussed above with respect to 

structure 48 of FIG. 3 to provide the resonant sweep of the mirror arrangement discussed 
heretofore with respect to FIG. 3. 

[00511 Referring again to FIG. 4A, there is shown a perspective view of a two-axis bi- 
crbeam sweeps across a projection display screen or moving photosensitive medium as well as 
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portions to maintain spaced paraUd image Unes produced by .he resonant raster beam sweep. 
Asshown mirror assembly 102 is illustrated as being monnted on a support strnctnre 106. The 

functional or movingparts may be etched in the plana, sheetof material (such as si.icon)by 
techniques similar to those used in semiconductor art. As discussed below, the functional or 
m0 vi„g components include, for example, the frame portion 108, an intermediate gimbals 

portion HOishingedto the frame portion 108 a, two ends by a firs, pair of torsional hinges 
mAand 1 12B spaced apart and aligned along an axis 114. Except for the first pair of hinges 
„2Aand U2B, the intermediate gimbals portion 110 is separated from the frame portion .08. 

(0052) Tto^M^^^™^'*^"*" 0 **' 
iocated thereon ,s attached to gimbals portion U0 at hinges 116A and 1.6B along a second axis 

118 that is orthogonal to or rotated 90" from the first axis. 

[0 O53] FIG. 4B is an alternate embodiment of a dual axis mirror apparatus having an 
etongatedovalnurrorportion^A. Since the remaining elements of the mirror apparatus 
shown in FIG. 4B operate or function in the same manner as equivalent elements of FIG. 4A, the 
two figures use common reference numbers. 

[0054] FIG. 4C illustrates another alternate embodiment of a dual axis mirror. In this 
embodiment, the outside support frame has been eliminated such that the torsional hinges I12A 
and , ,2B extend from the gimbals frame or portion 1 10 to hinge anchors 120A and 120B. 
Hinge anchors 120A and 120B are of course used to mount or attach the mirror to a support 
„ suchlOb asdiscusscdwi.hrespecttoFIG.4A.lt should alsobe appreciated that the 
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operation of the dual torsional hinged mirror of FIG. 4C operates the same as the dual torsional 
hinged mirror discussed with respect to FIGs. 4A and 4B. 

[00551 As will be appreciated, pivoting about axis 1 14 will provide mirrors illustrated in 
FIGs. 4A, 4B and 4C the orthogonal (or vertical) motion necessary to generate a series of spaced 
image lines parallel to each other. Thus, by mounting reflective surface or mirror portion , such 
as mirror 104 or 104A, onto to gimbals portion 1 10 via hinges 1 16A and 1 16B, resonant motion 
of the mirror portion relative to the gimbals portion occurs about axis 1 18 and the orthogonal 
sweep or motion occurs about axis 1 14. 

( 00561 Referring now to FIGs. BAand 13B, there is illustrated a prior art example of a 
laser printer using a single axis oscillating mirror 48 to generate a modulated beam sweep on a 
photosensitive medium such as rotating drum 122. FIG. 13A illustrates the beginning point 124 
of a beam sweep by the single axis mirror 48. Likewise, FIG. 13B illustrates the beam sweep or 
movement as indicated by heavy arrow 126 as mirror 48 substantially completes its scan. As 
illustrated in the lower view of the photosensitive drum 122, for a laser printer that only uses one 
direction of the beam sweep, the mirror 48 may be mounted a, a slight angle such that the beam 
sweep is synchronized with the movement of the rotating drum 122 so that the distance the 
medium moves is equal to the vertical distance the light beam moves during a sweep. Thus, the 
slightly angled trajectory as illustrated by reference number 128 results in a horizontal image line 
1 30 on the moving photosensitive medium or drum 122. 

[0057) FIGs. 14A, 14B and 14C illustrate the use of a dual axis scanning resonant mirror 
such as shown in FIGS. 4A, 4B or 4C. As can be seen from FIGs. !4A and 14B, the operation of 
a dual orthogonal scanning mirror assembly as it scans from right to left in the figures is 
substantially the same as a single axis mirror as discussed and shown in FIGs. 13A and 13B. 
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However, unlike the single axis minor 48 and as shown in FIG. UC.itisno, necessary ,0 turn 

right scancanbeeontinuousiy modulated during the return scan so as to produce a printed Hneo, 
images on the moving rotatingdrum 122. The second printed line of images, according .0 the 
present invention, will be parallel to the previous right to left scan. This is, of course, 
accomplishedbyslight pivoting of the mirror 48 around the second a,is of the dua, axrs mirror 
as was discussed above. 

[0058, As was discussed above, two mirrors which pivo. about a single axis, such as the 
single axis mirrors shown in FIGs. 1, 2 A, 2B and 2C, rather than one dual axis mirror could be 
used to produce parallel images onaprinted medium. In addition, twoofanyof the dual or two- 
axis rmrrors discussed above couldhe used toobtain the same results as achieved by using two 
single axis mirrors. For example, two of the two-axis mirror arrangement may be usedbynot 
providing not activating) the drive mechanism for one of the axes. However, if two mirrors 
are to be used, it may be advantageous to use two of the more rugged single axis mirror, That 
is, each mirror has only a single axis of rotation and a single pair of hinges. 
[0059, From the above discussions, it will be appreciated that careful regulation of the beam 
scan is of utmost importance. Unfortunately, the environment may also introduce various 

can result in significant problems. For example, as has been discussed, the torsional hinged 
ntirrorassemblyistypicafiymadeofsilicon and is mounted or clamped in a fixed position 
duringthepacxaging process. However, as will be appreciated by those skilled in the art, the 
Young-smodulusofSi(silicon) varies wim temperature changes. Consequently, constraint^ 
the silicon device from movement along the hinge axis will result in the resonant frequency's 
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drifting with the changes in the temperature. Furthermore, the presence of environmentai stress 
*ong the axis of the hinges will change the magnitude of the forces necessary to restore the 
mirror to arelaxed or neutral position with respect to the pivo, angle of the mirror, this in turn 
will change the "scan velocity" of the engine. In addition, there may be a difference in the CTE 
(coefficient of thermal expansion) of the silicon mirror device and the materia, used as the 
support structure and other elements of the packaging. These differences in the CTE of the 
sil icon mirror device and other materials used in packaging the scanning engine may produce 
additiona! stress in the torsional hinge. The effects of these stresses resulting from temperature 
changes, as well as stresses resulting from other sources, iead to such large variations of the 
resonant frequency andofscan velocity that the use of a resonant mirror as the scanning engine 
may be precluded or significantly restricted. 

[0060] The present invention soives these difficulties and problems by methods and 
apparatus that maintain the resonant frequency and/or scan velocity of the pivotaUy oscihating 
mirror. The apparatus for accomplishing this comprises sensor devices that generate an electrical 
signal representative of a parameter of the resonant frequency and/or scan velocity. This 
electrical signal is used as a feedback signal to adjust the stress in the torsional hinges. The 
feedback stgna! is provided to control circuitry, which generates an electrical control or output 
signak The output signal is connected toadevice that can add to and/or lessen the stress in the 
torsional hinges of the mirror device. More specifically, a piezoelectric device maybe used to 
alter the stress in the torsional hinges by slighdy distorting the geometry of the mirror . 
Furthermore, because the actual scan velocity maybe used as the feedback signai, the method of 
this invention can be used to compensate for changes inherent to the hinge material or package 
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structure as well as changes induced by a CTE mismatch between the mirror device and the 
packaging materials. 

[0061] Referring now to FIG. 15, there is shown a schematic similar to the scanning engine 
discussed with respect to FIG. 3. Elements of FIG. 15 tha, are the same as discussed with 
respect to FIG. 3 carry the same reference numbers. Therefore, as shown, a single axis mirror 
device 48 is mounted to a support structure 140. However, unUke the support struchare discussed 
above with respect to various of the drawings, the support structure 140 includes a gap 142 along 
one of the long sides. A slice of piezoelectric material 144 is bonded or otherwise fixedly 
secured to support structure 140 such that it bridges gap 142. The piece of piezoelectric material 
144 is selectively sliced such that when a voltage is applied across ends of 146 and 148, the slice 
of materia, either contracts or expands as indicated by double headed arrow 150. Whether the 
material expands or contracts depends upon the polarity of the applied voltage or control signal. 
Also shown are a pair of light sensors 152A and 1 52B tha. sense when at least one beam scan of 
a raster sweeping across the target or display screen 50 reaches the horizontal positions indicated 
by dotted lines 78 and 80. Since the horizontal distance between sensors 152A and 152B is 
fixed, the scanning frequency can be determined by circuitry .54. Of course, if the mirror device 
is intended to operate a, the resonant pivoting frequency in a manner as discussed above, the 
scanning frequency will be the same as the resonant frequency. For example, control circuitry 
154 monitors the appropriate or selected parameter represented by feedback signal pulses 
provided by sensors 152A and 152B when light beam 156 energizes sensors 152A and 152B. 
After determining the value of a real time parameter, such as for example only, the resonant 
frequency, control circuitry 154 then generates the control signal tha. is provided to the slice of 
piezoelectric material 144 «o selectively contract or expand the material so as to maintain me 
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selected parameter between a maximum level and a minimnm level. Although the aetual 
movement or response of the sliee of piezoelectric material 144 may be very small, the 
appropriate contracting or expanding force, as determined by control circuitry 1 54, will be 
applied to support structure 140 which in turn is coupled to the support frame 32 of mirror device 
48. The forces coupled to support frame 32 result in either compression or torsional stress being 
applied along the torsional hinges 38A and 38B. Thus, as was discussed above, the monitored 
parameter can be maintained within a maximum level and minimum level. In the embodiment 
illustrated in FIG. 1 5, the scan velocity can be monitored once for every display frame. 
[0062] Referring now to FIG. 15 A, there is a simplified schematic of an arrangement similar 
to that of FIG. 1 5 for use with a laser printer. However, since the photosensitive medium 122 is 
rotating at a constant and known speed, each scan will intersect light sensor 1 52A a, both the 
beginning and end of each beam sweep. Thus, the selected parameter, sueh as for example only, 
the resonant frequency can be monitored as frequently as each sean cycle with a single sensor. 
10063] Referring now to FIGs. 1 6A and 16B, there is illustrated a schematic of alternate 
embodiments of the present invention that use piezoelectric and piezoresistive elements for 
monitoring the selected parameters. As shown in FIG. 16A, a single axis mirror apparatus 160 
similar to those discussed in FIGs. 1-3 is bonded to and supported by four (4) piezoelectric 
columns 162A, 162B, 162C and 162D, whieh are rigidly attached to structure 164. The dnve 
engine of this embodiment for oscillating the mirror portion 36 back and forth includes a 
magnetic eoil 166 and a pair of electromagnetic arms 168A and 168B. The magnetic eoi, 166 is 
connected to an alternating voltage source (no, shown) that provides frequency a. the desired 
oscillating frequency, and preferably the desired frequency is me resonant frequency of tire 
mirror 36 about torsional hinges 38A and 38B. Thus, the polarity of the electromagnetic arms 
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^epolesofasmaUp— magnet (not shown) on the hach side of the mirror 36,0 
maintain the resonant oscillation of the mirror. 

,0064, AsisweUkn„wn b y.hoseskinedinthear.,thepiezoelec,riecolumnsl62Aand 
,62B will be proportional to the position or movement of the mirror apparatus ,60. In the 
embodiment illnstrated in F ,G. ,6A, columns 162 A and 162B are connected in series as 
indicated b y) umper wire ,70 such that as mirror 36 osciilates, a small compressive force occnrs 
aroneofthe columns and a small tensional force occurs atthe other. These forcescause an 
output voltage to be provided on wires ,72A and ,72B to uhe instrumentation or monitor ctromt 
„4 Theoutputvol,a g ereceivedatcircuit,74wi.lhaveafre q uenc y propor.ional«odre 

circuitryl7 4ca„p,aceas,ress on thetorsiona, hinges as necessary to maintain the resonant 
frequency at the nominal value. 

im5] R eferrin g nowtoF,G.16B,thereisi,lustratedapparatussimi,artothatdiscussedin 
F1G ,6A except thatthe snpportco.umns 162A, 162B, 162C and 162D are not madeofa 
piezoelectric ^ 

m The operationofthis apparatus is similar to that discussed with respect to F,G. ,6A, except 
acceptable limits. 
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,he pivoting mirror, and can be used to determine the scan velocity. 

, 00671 Msho.n.aresonant mirro, apparaUts 160 is supported above an LED device HS 

^.pbotodiodeorsensoriSO.TbeLEDnSprovtdesaconstantbsbtbeam.S.tmou.baiens 

1 S4tomeresonantm I rror3,wbicbre fl ee,s,bebea m , 8 2A. A s W1 «beapprecia,ed,me 

refl ected L E D beam 1 S 2A sweepsbac k and f o rt bacrossanapert U remember 1 S4. A pe rt ure 

^ber^isiocatedp— .e end of abeam sweep trom LEO ,7S so tbattbe beam , 2A 

asitstartsare verses W ee,Pbo,„diodec,rcu i ,r yl8 0isener giZ edeacb,ime, h e L E D beam I S 2A 
p^tbeape^.dprovtdesapairo.outputpuisestoampunerandcondtttomn.circui^ 
« FIG nineiudesagrapbofmeoutputpnUestobetteriUustratemeinvention. A ssbown, 
.ereisapairofpu.ses.SS.and.SSBsep.ated.omasecondpairofpuises.O.aad.Oa 

^^^^^^^^^^ 
cauS e S aseeondpu 1 se 18 SBt„be g e„erated.Tbebea,s W eepmencontinuestomeendo f tbe 

^^^^^^^^^ t 
p^pu.se^and.OBinthe same manner 3 s discussed witb respect to pu.ses 188A »d 

.SB.swasdiscussedabove.monitorinstwopuisessucbasiSS.and.O.canbeusedto 
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^etesweepcanhedetermined .H^.W — — 
^distance .o^hea^e^eenao^e^^e^eseanve^o^e 

resonant mirror can be determined. 

and 2B mounted for use in a scanning engine according to the teachings of the present invention. 
As5 ho W ninHO,S,the S u P po rtp ads. A »d.Bof,e mI rrordcv 1 ce S of F1 0, A arcf K e 1 

^^^^^^^^^ 
applKd acr„s S .he P — c nratenai , connection, i. and f., e XP an,ion of the — 

™thegap 1 «.™ S isturn W inaddtension„rtend,os,retchtor S iona 1 hmge S 3S A and 

^ressionais.esshetngcoupiedto — hinges 3S A and 3SB. .hs conap—s 
^tendtoreducetheresonantfrecuenc, The operation of FIG. 18A is the same as for HO. 

w tt ^^^•^»----- s,,, - ,,l, ' l * ,l "" 

" ,, " |,L 

[00691 .^inPiO.i.twoshcesofp— ic material and U« are honded 

p the effect of the piezoelectric material, support frame 32 
may be sufficient. Further, to increase the effect ot p 

may be cut as indicated at line 158. 
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is aim ion. 
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